The lichen vegetation associated with areas of late snow-lie in the Scottish Highlands is described and three lichen-dominated communities recognized; from the tops of large boulders, from small pebbles, and from damp soil.
Introduction
Late snow-beds are formed by the interaction of precipitation, temperature and wind with the relief of a mountain causing snow to be re-deposited in the same place every year. Winds blow snow away from exposed slopes and plateaux to collect in sheltered hollows out of reach of the prevailing winds-usually on the northern or eastern sides of mountains in the Northern Hemisphere. These same topographic factors influence snowmelt (ablation) so that, although the time at which a snow-bed melts may vary from year to year, the actual pattern remains constant (Friedel 1952; Benedict 1990 ). The pattern of snowmelt is influenced as much by winter weather conditions, which control the re-deposition of snow, as those pertaining during summer ablation (Billings & Bliss 1959) . In Scotland the rounded granite mountains of the Eastern Highlands provide the perfect 'gathering grounds' required for the formation of snow-beds, whereas these are largely absent from the more angular mountains of the Western Highlands. Consequently, the bestdeveloped snow-beds are found in the Cairngorm Mountains of Eastern Scotland, although where flat plateaux are found further west (e.g. Creag Meagaidh, Beinn Dearg) late snow-beds are well developed.
The thermal insulating properties of snow have long been appreciated (Bührer 1902) , and, consequently, the vegetation beneath an area of late snow-lie is protected not only from physical damage but also from the extremes of the winter weather. However, because the vegetation is covered with snow for much of the year it experiences a much reduced growing season. These factors combine to produce a habitat that is significantly different from that of the surrounding snow-free areas and characteristic plant communities develop.
Types of snow-bed
It is a character of the British mountains that, whereas their southern faces are usually smooth, the northern slopes are eaten into by huge coires formed during past periods of glaciation. This topography provides two types of site where late-lying snow-beds form: the edges of the cliffs overlooking the coires, which are often sufficiently sheltered from the prevailing winds to support areas of late-snow lie (cornice snow-beds, Fig. 1 ), and the coires themselves (coire snow-beds, Fig. 2) . A third type, nivation hollow snowbeds, form in hollows in more exposed conditions. In the Scottish Highlands these are generally small, although an important one is Ciste Mhearad on Cairn Gorm (Fig. 3) . Nivation hollows are similar to cornices, and can be considered as a special type of them in which the 'cornice' is curved round to form the hollow.
The micro-environment of coire and cornice snow-beds differs in a number of important aspects that affect the associated vegetation.
Temperature. The difference in temperature between an exposed cornice and a shaded coire will be great. The temperature of the rocks and soil around a coire snowpatch* are unlikely to rise much above freezing whereas rocks and soil around, and particularly above, a cornice snow-patch will have a similar temperature to that of the rest of the ridge where boundary-layer effects can elevate temperatures to as much as 80 C (Turner 1958) . This difference will affect factors such as soil moisture and relative humidity and, once the snow has melted and the vegetation exposed, these will have a significant influence on the lichen vegetation.
Soil Moisture. This is closely related to temperature and boundary-layer effects. Conditions immediately adjacent to the melting snow will be similar in coire and cornice areas but the latter will dry out more quickly (Gjaerevoll 1956 ). As lichens, unlike bryophytes, are generally unaffected by prolonged dryness but sooner damaged by prolonged damp, cornice-snow-beds will provide a more suitable habitat for lichen growth. However, snow-bed lichens are generally adapted to survive in an environment with constant moisture, and the general high humidity and frequent rainfall in the Western Highlands mean that soil there seldom, if ever, dries out completely. Consequently, drought is not the same problem that it is in more continental areas where snow-beds are an important source of moisture (Billings & Mooney 1968; Flock 1978) .
Stability of habitat.
Microlichens, which dominate the lichen vegetation around areas of late snow-lie, are generally slow growing and so require ecological continuity in order for mature communities to develop. In general, the substratum around coire snowbeds, and below cornices, is rocky and this is unstable due to repeated night-time freezing and day-time thawing. This results in disruption of soil and rock surfaces and will have an adverse effect on lichen growth. The area above a cornice snow-patch does not experience such regular fluctuations in temperature across freezing-point, and is more stable because the substratum is generally soil. Although this is subject to solifluction and 'soil creep', it is not as adversely affected by freeze-thawing.
Previous work on chionophilic vegetation
There have been few studies focused specifically on snow-bed vegetation in the British Isles (Gordon 1950 ) but works attempting to classify montane vegetation in general invariably contain information about them (e.g. Watts & Jones 1948; McVean & Ratcliffe 1962) . McVean & Ratcliffe (1962) identified 22 'chionophilic noda' whereas the National Vegetation Classification (Rodwell 1992) identifies 6 communities with 'chionophilic tendencies' that are subdivided into 13 sub-communities.
In Scandinavia the situation is somewhat different with a number of works devoted entirely to the vegetation of late snow-beds. Vestergren (1902) was the first to attempt a classification of the various plant communities and relate them to snow-cover and time of exposure. Several works then followed, mostly concentrating on various areas of Scandinavia (e.g. Fries 1913; Samuelsson 1917a, b) , but it was Nordhagen (1928 Nordhagen ( , 1936 who first introduced a quantitative element to the study of snow-bed vegetation, followed by Dahl (1956) who related the communities to environmental factors. Scandinavian snow-bed vegetation was specifically studied by Gjaerevoll (1950 Gjaerevoll ( , 1956 , the later work being a comprehensive treatise on the subject. Vestergren (1902) considered that snow-bed vegetation began at the inner edge of the grass heath that succeeds the ericaceous shrub-dominated communities in the altitudinal succession, but Nordhagen (1936) and Gjaerevoll (1956) considered that the grasslands should be included within the snow-bed vegetation.
*Terminology: although the term 'snow-bed' is generally used for an area in which the vegetation is affected by snow-lie it can also refer to the actual area with snow physically present. In order to avoid this confusion the term 'snow-patch' is here preferred for the latter.
In New Zealand, Mark & Bliss (1970) investigated the high-alpine vegetation of Central Otago. They described a chionophilic vegetation similar to that of the Scottish Highlands with an inner bryophytedominated zone and with the first vascular plants to occur being mostly monocotyledons (Agrostis subulata, Luzula pumila, Carex pyrenaica var. cephalotes and Poa pygmaea) and the first dicotyledon Claytonia australasica. This is a member of the Portulacaceae, related to Montia fontana-one of the few dicotyledons that penetrates to the centre of some Scottish snow-beds.
Some work has also been carried out in the United States (e.g. Bliss 1963; Helm 1982) but climatic conditions in the areas studied (Rocky Mountains, New England) are so different from those of the British Isles as to render comparisons almost meaningless. Bliss (1966) and Glew (1997) also investigated snow-bed vegetation in the Olympus Mountains of the NW United States but even here climatic conditions appear to be very different from those of Scotland.
Previous work on chionophilic lichen vegetation in the British Isles
Two papers by Gilbert and co-workers (Gilbert & Fox 1985; Gilbert et al. 1992) made a preliminary attempt to describe and classify the lichen vegetation occurring around snow-beds in the Scottish Highlands. Gilbert & Fox (1985) restricted their work to the areas of late snow-lie in the Cairngorm Mountains of the Eastern Highlands; in particular to Ciste Mhearad (Figs 3 & 5) , a nivation hollow north-east of Cairn Gorm. While they appreciated that their observations applied only to the Cairngorms, they identified many of the characteristic lichens of the habitat and emphasized the importance of the 'niche structure of the higher plant vegetation' as a determining factor in lichen distribution. They also listed the factors which must be overcome if a lichen is to grow in an area of late snow-lie. These are an ability to tolerate (a) instability of substratum (although the most characteristic species are confined to the tops of large boulders, a particularly stable habitat), (b) long periods of darkness, (c) high humidity, and (d) temperatures around freezing point. They predicted that lichens in these habitats would be poor competitors. Gilbert et al. (1992) had data from snowbeds in two other regions of Scotland (Ben Lawers and Ben Nevis/Aonach Mór) from which to identify snow-bed specialists. Their lists were, consequently, more detailed and they were able to produce separate lists for 'character', 'selective' and 'preferential' species. Many of the species that were identified as snow-bed specialists by Gilbert & Fox (1985) , but were not restricted to snowbeds elsewhere, were now considered to be 'selective species'. Gilbert et al. (1992) emphasized that, although there were regional differences, there was a general similarity within snow-bed vegetation across Scotland. They recognized that the most characteristic snow-bed lichens were those that occurred on rock, attributing this to the higher stability of this habitat. They also considered those factors that contribute towards a rich snow-bed flora.
Methods
Four sites were chosen for investigation (Table 1) . Three of these form a transect across Scotland, from the relatively continental climate of Ciste Mhearad, through Creag Meagaidh, to the more oceanic conditions of Aonach Mór. Beinn Dearg occupies a unique position as an outlier to the north of the main area of snow-bed occurrence. The criterion used for selecting the locations to be surveyed within the broad geographical areas was the presence of a relatively gentle, soil slope above the snow-patch, as opposed to crags or a boulder field, as this was considered essential for the formation of well-developed chionophilic lichen vegetation. An additional reason for selecting Ciste Mhearad and Aonach Mór was that these were the sites upon which Gilbert & Fox (1985) and Gilbert et al. (1992) based their classification of snow-bed lichens, although different areas of the sites were chosen for the present study.
The sites were each visited late in the year (August/ September), when the snow-patch was at its least extent, and a transect laid down, starting from the upper edge of the snow-patch and extending through the various snow-bed zones into the vegetation of the adjacent ridge. Adjacent 2 2 m quadrats were then surveyed along the line of the transect, although these were positioned along one or other side of the transect line, changing sides where necessary to maintain as uniform a habitat as possible. To this end, large rocks and boulders were avoided, as were any other smallscale changes in habitat (e.g. hollows and small gullies). The 2 2 m quadrat size was chosen as larger quadrats were considered too large to reflect the small-scale environmental changes which occur in snow-bed vegetation and any smaller size would have tended to pick out micro-habitats within the general trend of National Vegetation Classification (NVC) community succession. Although a smaller size of quadrat may have been preferable for isolating the individual lichen assemblages it would not have related them to NVC communities or to the effect of varying duration of snow-lie along the transect.
In each quadrat all vascular plants and lichens, along with the most prominent/frequent bryophytes, were recorded and assigned a score on the Domin scale (see Table 2 ). Also recorded for each quadrat were percentage cover of vascular plants, bryophytes, lichens, rocks and peat/gravel as well as the slope of the ground and its aspect. At two sites, Creag Meagaidh and Ciste Mhearad, separate relevés were also collected from boulders. At Creag Meagaidh these were from a boulder field adjacent to the snow-patch and were, as far as possible, from horizontal surfaces approximately 1 m square. This area would have been snow covered for much of the year and from their locations in relation to the snow-patch these relevés were taken to represent various degrees of prolonged snow-cover, although the actual duration of this for each relevé could not be determined. Within these relevés on rocks, all lichens were recorded and assigned a score on the Domin scale. One relevé was also collected from a boulder outside the snow-bed. At Ciste Mhearad the relevés on boulders formed an irregular transect alongside the terricolous transect, the positions of the relevés being determined by the occurrence of suitable boulders. For each boulder the lichens present on the upper surface and the sides were recorded separately but no attempt was made to assign them a Domin value, as these would all have been low (<4%) and largely arbitrary, due to the difficulties in the interpretation of 'individual' when applied to crustose lichens. The data obtained from both the terricolous and saxicolous transects were analyzed using TWINSPAN.
Description of the lichen vegetation
The areas affected by late snow-lie below a snow-patch are invariably water-logged and too damp to support good lichen growth. The only species that regularly occur here are Ionaspis odora and Verrucaria margacea, both of which occur frequently on periodically inundated rocks at lower altitudes. Other lichens occurring below cornice snowpatches and around those in coires are mostly species that have an ecological preference for damp habitats and are only circumstantially associated with snowbeds.
Areas above the snow-patch are drier, although still very damp, and it is on these free-draining slopes of cornice and nivationhollow snow-beds, that the lichen species and communities most characteristic of snow-beds are to be found. At Creag Meagaidh the terricolous transect extended into the Juncus trifidus-Racomitrium lanuginosum sedge-heath (NVC U9) but at the other three sites this zone was not surveyed. At Ciste Mhearad the surrounding Nardus stricta-Carex bigelowii grass heath zone (NVC U7) was so extensive (c. 100 m wide) that the transect did not extend upslope of this zone. On Aonach Mór the site was extremely exposed, on a narrow bealach (saddle), and the surrounding vegetation was Deschampsia cespitosa-Galium saxatile grassland (NVC U13) and on Beinn Dearg a wall running parallel to the snow-patch interrupted the vegetation sequence (Fig 1B) .
The data collected from the transects on Creag Meagaidh and at Ciste Mhearad are given in Tables 2-4. *On rock. ‡Numbers refer to Domin Scale: 10=91-100% cover; 9=76-90% cover; 8=51-75% cover; 7=34-50% cover; 6=26-33% cover; 5=11-25% cover; 4=4-10% cover; 3= <4% cover, many individuals; 2= <4% cover, several individuals; 1= <4% cover, few individuals; x= <4% cover, single individual. §Form with sessile apothecia. The form with innate apothecia was not recorded from the Cairngorms and would appear to be an oceanic entity.
the bryophyte vegetation was outside the scope of the present project.
Terricolous lichen vegetation
Inner, bryophyte-dominated area Terricolous lichens generally become sparse the closer the snow-patch is approached. The ground is permanently water-logged and this is an inhospitable habitat for lichens. The only terricolous species that occurs regularly in this area is the common widespread montane species Micarea turfosa. Other 'terricolous' species that occur close to the snow-patch (e.g. Agonimia tristicula, Ameliella grisea in ed., Cladonia spp., Lepraria caesioalba, L. neglecta) are always associated with saxicolous habitats, which are much freer draining. The Cladonia spp. are always poorly formed and usually lack podetia.
As the outer edge of this zone is approached and Salix herbacea and Gnaphalium supinum become frequent, other crustose terricolous and bryicolous species occur (e.g. Catillaria contristans, Lecidea limosa, Micarea cinerea f. tenuispora (see below), M. viridiatra, Protothelenella sphinctrinoidella etc.) along with the occasional macrolichen (e.g. Stereocaulon saxatile). Many of the crustose species are inconspicuous, with an inapparent thallus, and consequently easily overlooked but L. limosa has a pale grey thallus that contrasts with the green of Salix herbacea.
These species were previously thought to be confined to the inner snow-bed zone (Gilbert & Fox 1985) as they are largely absent from the surrounding Nardus strictaCarex bigelowii grass-heath (NVC U7). However, this distribution pattern is due to lack of suitable habitat as these species are unable to compete successfully with the vigorous growth of Nardus stricta. Some of the species occur again in the Juncus trifidusRacomitrium lanuginosum rush heath (NVC U9), which is the dominant plant community of the adjacent ridges, but the community is more fragmented. In the Cairngorms these lichen species show an apparent affinity for snow-beds as they require a moist environment but they are now known to be widespread members of the terricolous montane vegetation in more western areas where Nardus stricta is not as dominant (see below & A. Fryday unpublished).
Outer, vascular plant dominated area
Two separate habitats can be distinguished in this area, which is dominated by Nardus stricta (NVC U7 Nardus stricta-Carex bigelowii grass heath). These two habitats form an intimate mosaic but they support plant communities with a significantly different structure and distribution. (i) Among Nardus stricta. The vegetation of this habitat is dominated by Nardus stricta and the lichen vegetation consists of macrolichens that grow up among the grass sward. The most frequent of these is Cetraria islandica but Cladonia spp. also occur occasionally, the most frequent being C. arbuscula, C. maxima and C. uncialis subsp. biuncialis. The lichens occurring here form an integral part of the vascular-plant community of which they must be considered a part. Cetrariella delisei (syn. Cetraria delisei) was also previously assigned to this community (Rodwell 1992) but its true phytosociological position is more precise. It occurs on the edges of Nardus stricta swards where it forms a transition zone with the terricolous microlichen dominated community described above. It often forms extensive stands with Stereocaulon saxatile, also previously thought to be a snow-bed specialist (Fryday in ed. 
Saxicolous lichen vegetation

Large rocks
The tops of large rocks in the inner area of a snow-bed are the habitat that supports the lichens most characteristic of snow-beds. Many of the species present here are restricted to areas of late snow-lie throughout their range in the British Isles and can be considered 'exclusive' to this habitat, [i.e. Ameliella andreaeicola in ed., Lecanora leptacina, Lecanora formosa (Lecidella bullata auct.) and Miriquidica griseoatra]. All are crustose species but L. leptacina is distinctive as its bright green colour contrasts with the brown Andreaea spp. over which it grows, which makes it a good indicator of this community. The other species are less distinctive, but all are easily recognized once known. A. andreaeicola, which also grows over Andreaea spp., has a brown thallus and numerous red-brown apothecia, whereas the other two species are saxicolous with the pruinose apothecia of L. formosa and the lead-grey thallus of M. griseoatra being characteristic This assemblage is particularly well developed at the snow-bed surveyed on Creag Meagaidh (Table 3) and is also well represented on rocks at Ciste Mhearad (Table 4) . It is so distinctive and has so many exclusive species that it will be necessary to describe a new alliance for it. More work is required to characterize this community fully and ascertain the fidelity grades of its constituent species. In particular, data from a wider geographical range are required, including other oceanic montane areas, (e.g. Norway and British Columbia), but a provisional classification of the community is given in Table 5 . There were insufficient data to assess the fidelity of a species to a given community analytically, and so the fidelity grades were assigned subjectively according to the criteria given in Table 6 .
The lichens on the sides of large rocks in the inner areas of the snow-bed vegetation have more in common with the communities on smaller rocks as they occupy a much damper environment with longer snowcover. The species most characteristic of this habitat [e.g. Frutidella caesioatra, Lepraria spp. (L. caesioalba group), Porpidia contraponenda and Stereocaulon tornense] also occur frequently on either soil or small pebbles.
Small rocks and pebbles
Small rocks and pebbles embedded in soil occupy an intermediate position, with respect to dampness, between the waterlogged soil and the more freely drained upper surfaces of the larger boulders. Many of these pebbles are covered by bryophytes (e.g. Racomitrium heterostichum) and it is probable that comprehensive bryophyte data will be required to fully characterize the community. The assemblage of lichens that occurs here has similarities with the terricolous community dominated by microlichens described above from the inner areas of snow-beds, but with some additional species such as Polyblastia gothica, P. helvetica and Protothelenella sphinctrinoidella. The two Polyblastia species were formerly considered to be very rare in the British Isles but they are not infrequent in this habitat. The assemblage is well represented around the Creag Meagaidh and Aonach Mór snowbeds but is less abundant at Ciste Mhearad and Beinn Dearg.
The most characteristic species on small rocks and pebbles is Stereocaulon tornense, which is more or less restricted to this habitat throughout much of its range in the British Isles. Unlike most other species of this genus, S. tornense is a crustose species with the superficial appearance of a Porpidia species. Also often present is Ionaspis odora, usually considered a species of periodically inundated siliceous rocks. As well as being frequent around areas of late snow-lie, I. odora is also to be found in exposed conditions in oceanic regions (e.g. the summit of Ben Nevis, Gilbert et al. 1992) ‡Numbers refer to the Domin Scale (see Table 2 ).
T 4. Lichens recorded from tops of boulders along a transect above an area of prolonged snow-lie at Ciste Mhearad on Cairn Gorm
Distance from edge of snow-bed ( areas of late snow-lie have abundant apothecia, which are very rare elsewhere. This community still requires much attention; in particular its range and variation are poorly understood, but a preliminary classification is given in Table 7 . Species are assigned to a fidelity grade with respect to the total montane vegetation, i.e. those species which are widespread in areas outside the montane zone but are confined to this community within it are assigned to Fidelity 4 and 5.
The relative distribution and extents of the various communities described above are shown in Figs 4 & 5.
TWINSPAN Analysis
It is a fundamental requirement of TWIN-SPAN that the samples upon which the analysis is based represent an homogeneous plot. However, as crustose lichens have a much more intimate relationship with the substratum than vascular plants, they operate on a much smaller scale and are more susceptible to fluctuations in the microenvironment. Consequently, any quadrat large enough to characterize the associated vascular plant vegetation will inevitably be heterogeneous for its lichen vegetation. This is particularly true for the terricolous data presented here.
In the inner, cryptogam-dominated areas of snow-beds this heterogeneity is a consequence of the dual nature of the substratum, which consists of small pebbles deeply embedded in a bryophyte mat. The pebbles support a number of species that also occur on soil but, as they drain more freely, many lichens (e.g. Frutidella caesioatra, Lepraria *There appears to be more than one entity currently included within this taxon. Further work may show that the snow-bed entity is a distinct species, which should then be recognized at Fidelity 5.
T 6. Grades of Fidelity
A. Characteristic (faithful) species Fidelity 5. Exclusive species; completely or almost completely confined to one community. Fidelity 4. Selective species; found most frequently in a certain community but also, though rarely, in other communities. Fidelity 3. Preferential species; present in several communities more or less abundantly but predominately, or with better vitality, in one certain community.
B. Companions
Fidelity 2. Indifferent species, without pronounced affinity for any community.
C. Accidentals Fidelity 1. Strange species, rare and accidental intruders from another plant community or relicts from a preceding community.
caesioalba, Lepraria neglecta) extend further into the snow-bed on pebbles than when growing on soil. Larger rocks provide shelter from winds and a degree of stability to their immediate surroundings on the steepersloping, inner areas so that, even if the lichens actually growing on them are omitted from the analysis, these rocks still influence the terricolous vegetation and contribute to the heterogeneity of the relevés. A further problem is that of combining data from transects with different physical and vegetational gradients and that also have different starting points in the vegetational sequence due to their being recorded at different times of the year and/or in years with different degrees of snow-melt. An attempt was made to 'line-up' the vegetation on well-defined changes in the vegetation (e.g. beginning of Nardus stricta heath, beginning of Juncus trifidus heath) but as this made little difference to the final output it was not pursued.
The groupings identified by TWINSPAN do not represent communities, although some indication of associated species can be gained. They are as much an indication of the range of available habitats and give a good indication of the community relationships between lichens and other plant groups and how these are distributed, both in the snow-bed and geographically.
Terricolous lichen vegetation
The first division that TWINSPAN made in all cases, occurred at approximately the position where the bryophyte-dominated area close to the snow-patch gave way to the Nardus stricta grassland, even when only the lichen data was included in the analysis. The area rich in Salix herbacea and Gnaphalium supinum, which forms an intermediate zone between the two, was included with the bryophyte-dominated area giving a primary distinction between 'open' and 'closed' vegetation (Figs 6 & 7) . However, the 'position' of this primary division, and the composition of the groups separated by it, differ significantly between Creag Meagaidh and Ciste Mhearad. Although the number of species is approximately the same at both sites (Creag Meagaidh 76, 48 lichens; Ciste Mhearad 69, 44 lichens), at Ciste Mhearad the number of species either side of the first division (i.e. inner and outer zones) is roughly equal (31/38, lichens 24/20) whereas at Creag Meagaidh the inner group is much larger (51/25, lichens 36/12). This is largely due to the presence of two large groupings of F. 5. Area above the snow-patch at Ciste Mhearad showing zonation of plant communities (left). The dark area close to the snow-patch is dominated by bryophytes with the paler area below the break in the slope being the Salix herbacea/Gnaphalium supinum zone. Nardus stricta becomes dominant on the more level ground above.
vascular plants, bryophytes and macrolichens in the lower (outer) half of the dendrogram for Ciste Mhearad that are largely absent at Creag Meagaidh. Conversely, there are two large groupings, dominated by microlichens, in the upper (inner) half of the Craeg Meagaidh dendrogram that are not as well represented at Ciste Mhearad. This reflects the different composition of the lichen vegetation at the two snow-beds and is a consequence of the dominance of vascular plants and macrolichens in the drier, more continental climate of the east and of microlichens in the damper, oceanic west. Within these two primary groups, TWIN-SPAN next separated off the inner and outer areas at Ciste Mhearad . The inner area of Ciste Mhearad forms a distinct group due to the complete absence, or greatly reduced presence, of vascular plants when compared to the other areas surveyed. This area was surveyed in late September in a year of particularly rapid snow melt (1995) and equivalent areas at the other sites were not surveyed as they were visited earlier in the year or in years of more persistent snow-lie. The outer area at Ciste Mhearad is characterized by the dominance of Nardus stricta that did not form such a continuous stand at the other sites surveyed. The remaining relevés in the outer group consist of the outer area at Creag Meagaidh (113-117) and the intermediate section at Ciste Mhearad (213-215). In these areas N. stricta is not as extensive as at the outer area of Ciste Mhearad and other plants and lichens occur in greater numbers.
The relevés remaining in the inner group represent the most characteristic snow-bed vegetation. They consist of the whole transects from Aonach Mór (401-405) and Beinn Dearg (301-307), the inner area at Creag Meagaidh (101-112) and a small area from the centre of the transect at Ciste Mhearad (210-212). This area is characterized by 'open' vegetation dominated by bryophytes and microlichens, and vascular plants that do not form a continuous sward (e.g. Gnaphalium supinum, Carex bigelowii and Deschampsia spp.).
Inspection of the TWINSPAN dendrograms for the relevés showed that when all lichens, vascular plants and bryophytes are included in the analysis, the groupings are much more linear (i.e. adjacent relevés are grouped together) than when only the lichen data are analyzed. There is a distinct progression from those closest to the snow-patch (low-numbers) to those furthest away (high numbers). This suggests that even the 2 2 m quadrat used for sampling the vegetation was too small to represent the general trend of the lichen communities from chionophilic to chionophobic and that specific microhabitats were being selected.
Saxicolous lichen vegetation
The lichen vegetation on small pebbles was recorded in the terricolous data and is analyzed with it above. The lichen data from the sides of boulders are also heterogeneous, due to variations in aspect, and dampness regime due to variations in distance from the ground. The relevés obtained from the upper surfaces of rocks at Ciste Mhearad are, however, homogeneous. The habitat is uniform and, as there is no associated vascular plant vegetation to which it can be related, a small quadrat size could be used. Consequently, the groups separated by TWIN-SPAN represent well-defined communities.
The TWINSPAN analysis (Fig. 9 ) makes its first division between chionophilic and chionophobic species. The chionophilic group is then further divided into those which are 'faithful' to the habitat and those which are 'selective', whereas the chionophobic group is subdivided into truly chionophobic species and less strongly chionophobic species which are tolerant of chionophilic conditions.
Discussion
Taxonomy
The macroconidial anamorph of Micarea cinerea is a frequent lichen of acidic soils in the British Isles, occurring most frequently on montane heaths but also on the spoil of disused metal-mines in Wales and Northern England. Although it was described and illustrated by Coppins (1983) , the lack of apothecia led to its subsequent description as a separate species in a new genus, Hastifera tenuispora D. Hawksw. & Poelt (1986) . Hafellner (1992) pointed out the similarities between the two entities and further discussed the possibility that H. tenuispora was the anamorph of a Micarea species, concluding that it probably was but that the name should be retained as it occurred consistently without apothecia. Purvis et al. (1992) , however, included H. tenuispora as a synonym of M. cinerea. Terricolous collections do, very rarely, have apothecia, but these seldom, if ever, contain mature ascospores, whereas fertile, corticolous collections from damp woodlands (the typical habitat of M. cinerea) occasionally support macroconidia. Although there are clear ecological differences between the anamorph and the teleomorph, the occasional occurrence of macroconidia on the teleomorph is sufficient to warrant recognition of the anamorph at the rank of only 'forma' and, consequently, the new combination Micarea cinerea f. tenuispora (D. Hawksw. & Poelt) Fryday is made.*
Distribution of the communities
Judged purely on height and extent the mountains of the Scottish Highlands are, on a world or even a European scale, fairly inconsequential. However, they possess certain characters that give them significance in excess of their physical attributes, the most important of which is the climate to which they are exposed (Ratcliffe & Thompson 1988) . The climate of the Scottish Highlands has been summarized as 'a combination of low temperatures, severe wind exposures, excessive precipitation, cloud and humidity, persistent winter frost and snow cover, deficiency of sunshine, poor visibility, continual ground wetness and low evaporation' (Taylor 1976) . Barry (1992) identified the three major controls on montane climate as 'altitude, latitude and continental position' and it is its continental position that is responsible for the oceanic climate, characterized by high precipitation, cool summers and mild winters, to which the Scottish mountains are subjected. The climatic gradient from east to west is steep, so that the Western Highlands experience a hyper-oceanic climate unknown elsewhere in Europe and probably the world (Averis 1991; Crawford 1997) . Precipitation in western Scotland reaches 1140 mm year 1 on low ground but increases with altitude by 2·5 mm m 1 (Weston & Roy 1994) to peak at over 3800 mm year 1 in the mountains of Lochaber (Gregory 1954) with daily totals in excess of 100 mm relatively frequent (Reynolds 1985) . The summit of Lochnagar, in the Eastern Highlands, experiences a much less 'oceanic' climate, receiving only 1500 mm precipitation a year and with the first air frost occurring in the second half of August, two months earlier than in the west (Meteorological Office 1952) . This gradient is even more pronounced when the precipitation during the summer months only (when plants are metabolically active) is considered (Dahl 1998) .
In drier, continental climates, snow-beds provide not only a source of moisture but also serve to ameliorate the greater differences between summer and winter temperatures that occur there. This simulates the conditions of an oceanic climate and a lichen flora more typical of an oceanic region develops. Gilbert & Fox (1985) had only a limited knowledge of the general lichen vegetation of acidic montane heaths in Scotland as most of their previous montane work had dealt with basic rock outcrops. Consequently, although they attributed the abundance of Ionaspis suaveolens (?=I. odora) at Ciste Mhearad to the moisture-enhancing effects of the late snow-bed, they failed to extend this reasoning to some of the other species they identified as snow-bed specialists. They did not appreciate that the community of mainly crustose species (e.g. Catillaria contristans, Frutidella caesioatra, Lecidea limosa, Micarea cinerea f. tenuispora, M. viridiatra, Protothelenella spp., Solorina crocea, Stereocaulon saxatile) occurs in montane areas wherever vascular plant growth is suppressed and conditions are sufficiently damp. It is a major component of the terricolous lichen vegetation of wind-swept, montane heaths in the Western Highlands, where it is widespread and occurs well away from areas of late snow-lie (Fryday 1997a, b, & unpublished) . Its occurrence in areas of late snow-lie in the Eastern Highlands, and other more continental regions, is an extension of its range, as a species-poor variant, into a specialized environment in these regions that have a more continental climate (Table 8) .
This distribution pattern also applies to the community that occurs on small pebbles at Ciste Mhearad and Creag Meagaidh. This community is also frequent in damp, oceanic montane heaths, as well as in damp coires throughout the Scottish Highlands. It is, for example, the dominant community on the summit of Bla Bheinn, Isle of Skye (A. M. Fryday unpublished), in gullies near the summit of Carnedd Llewelyn in North Wales (Fryday 1996) and in the north-facing coire of Glas Maol in South Aberdeenshire. A similar community also occurs on disused heavy-metal mine spoil in mid-Wales. The common factor linking all these habitats is low nutrient availability and a high degree of humidity. This subject will be dealt with more fully elsewhere (A. M. Fryday unpublished) . It is interesting to note that many of the species most characteristic of this community (e.g. Stereocaulon tornense) persist into the Nardus stricta zone at Creag Meagaidh but not at Ciste Mhearad (Table  2 ). This is, presumably, due to the damper conditions and less extensive cover of N. stricta that are a consequence of the more oceanic climate of the former site.
The distinctive community that occurs on the tops of large boulders is, however, restricted to areas of late snow-lie throughout the Scottish Highlands, although its composition does vary to some extent from west to east. In particular, Micarea paratropa (syn. M. subviolascens) is an important component of the saxicolous lichen vegetation of oceanic snow-beds, where it is more or less confined to this habitat, although it appears to be totally absent from the Cairngorms.
The restriction of this community to the upper surfaces of large boulders is probably due to the better stability and drainage that this habitat provides compared with smaller rocks. A further factor is that the tops of the larger rocks will become free of snow earlier in the year than will smaller rocks, thus increasing the length of the growing season for the lichens growing upon them. Fahselt et al. (1988) showed that the temperatures of the upper surface of large boulders near a glacier were between 2 C (overcast) and 8 C (sunny) warmer than air temperature and between 0.4 C (overcast) and 2 C (sunny) warmer than the upper surfaces of small rocks. Apart from the direct effect of this higher temperature on the lichen community, the increase in temperature described by Fahselt et al. (1988) will cause the snow around the larger rocks to melt sooner, increasing the growing season of the lichens even further. This effect can be seen in the Scottish Highlands where areas of melted snow surround boulders that project from snow-patches (Fig. 10) . These boulders often have characteristic snow-bed lichens growing on their upper surface. If this were an important factor affecting the distribution of snow-bed lichens then it would be expected that snow-bed species typical of this habitat would occur further out from the snow-patch than other species. There is some evidence of this with Ameliella andreaeicola in ed., Lecanora formosa and Rhizocarpon jemtlandicum being recorded in Nardus stricta grassland up to 45 m from the snow patch on Ciste Mhearad (Table 4) . This effect is augmented by the oceanic climate of the Scottish Highlands, which is responsible for the high humidity of the area. The Western Highlands, in particular, experience a relative humidity in excess of 80% for 80% of the time (Meteorological Office 1975) and, as snow melts at a lower temperature in humid conditions (Müller 1953; Geiger 1966) , this causes snow-cover to disperse more quickly in summer compared to less oceanic areas. Consequently, the snow-bed vegetation, although protected from the harsh conditions of winter, is sooner uncovered to take advantage of the warmer conditions of summer, and experiences a longer growing season than similar vegetation in other regions with a more 'continental' climate.
There is little evidence that this community occurs outside the British Isles. Creveld (1981) and Glew (1997) make no mention of anything resembling it in their descriptions of the chionophilic communities of southern Norway and the NW United States respectively, and Santesson (1993) , although mentioning many of the individual species involved as occurring in Scandinavia, makes no reference to any association with areas of late snow-lie. Perhaps the best evidence of its occurrence elsewhere is a record of Ameliella andreaeicola in ed. from British Columbia (B. Murray pers. comm.), the only record of this species from outside Scotland.
Comparison with other areas
Previous work on the lichen vegetation associated with areas of late snow-lie outside the British Isles is extremely scarce. Some work has been carried out on the Niwot Ridge in the Front Range of Colorado, USA (Benedict 1990 (Benedict , 1991 Flock 1978) , but under very different climatic conditions to those of the Scottish Highlands. The only study of lichens associated with areas of late snow-lie from an oceanic area outside the British Isles appears to be that of Glew (1997) working in the NW USA. However, her description of vegetation rich in ericaceous shrubs and macrolichens has little in common with the Scottish snow-beds and appears to correspond more with the vegetation found in Norway. F. 10 . Rock in area of late snow-lie on Beinn Dearg (Wester-Ross) with evidence of accelerated snow-melt around it and supporting Ameliella andreaeicola in ed. and Lecanora formosa on its upper surface only.
The only work attempting a treatment of the lichen vegetation of late-lying snow-beds in continental Europe appears to be Creveld (1981) working in southern Norway. She provided a diagrammatic sketch of an area of late snow-lie that includes 11 saxicolous communities, some of which are described as chionophobic, but even her most chionophilic communities (i.e. Rhizocarpetum alpicolae, Lecanora-Umbilicarietum deustae and Ochrolechio-Hypogymnietum intestiniformis) are chionophobic by British standards. The position occupied by the lichen community most characteristic of areas of late snow-lie in the British Isles (the tops of large rocks) she found to be occupied by the Parmelietum omphalodo-saxatilis, a distinctly chionophobic community in the British Isles. She defines a snow-bed as an area with snow lying for 3-6 months of the year and further comments that 'On rocks and boulders covered with snow for more than 7-8 months the lichen communities are only fragmentarily developed . . . When the snow lasts still longer no epilithic lichens are able to survive'. However, for the areas of late snow-lie investigated in Scotland, snow-cover is of a considerably longer duration. Gilbert & Fox (1985) estimate that snow-lie exceeds 8 months of the year for the inner 50 m of the Ciste Mhearad snow-bed, which is the area where the most chionophilic vegetation occurs. As Creveld states that 'in 1972 these places were free of snow during the course of July', she obviously investigated the inner areas of Scandinavian snow-beds. Her failure to discover the distinctive chionophilic communities that occupy this habitat in the Scottish Highlands can only be a consequence of the different climatic conditions which prevail in southern Norway and emphasizes the unique character of the British montane lichen vegetation. It may be that this difference is due to a greater fluctuation in the length of snow-cover in the British Isles. In some years extensive snowfields can persist into July and August, or even throughout the year for several consecutive years, whereas in other years snow will be confined to small areas by June and be completely absent by July. As lichens can remain dormant for several years they will be able to tolerate this regime better than they will a regular covering of intermediate duration.
It is interesting to note that, at all the snow-beds visited, the vegetation progressed from the inner, bryophyte-dominated areas, through Nardus stricta-Carex bigelowii grasslands to the surrounding vegetation of Juncus trifidus-Racomitrium lanuginosum sedge heath (or other monocotyledon dominated communities) not Vaccinium myrtillus heath as stated in the Scandinavian literature (e.g. Nordhagen 1936; Gjaerevoll 1956 ). This would appear to be a consequence of the Scandinavian snow-beds occupying a more continental position where the Vaccinium myrtillus dwarf shrub heath will attain a greater altitude. Montane Vaccinium heaths can occur around snow-beds in the Cairngorm Mountains of the Eastern Highlands (A. & A. Averis pers. comm.) and it would be interesting to investigate the areas of late snow-lie on Lochnagar and the southern flank of Beinn a' Bhuird, which are the most easterly snow-beds in the British Isles.
In Central Europe, the community most characteristic of areas of late snow-lie is the Solorinion croceae (Klement 1955; Wirth 1980) . Although this community is rare and restricted to the same habitat in Eastern Scotland, it is more widely distributed in montane heaths in Western Scotland, where it also occurs on ridges blown clear of snow. The terricolous community dominated by microlichens described above from the inner area of snow-beds probably belongs in this alliance. In particular, it appears to be related to the Psoretum demissae Frey (Frey 1923 ) and the Lecideetum limosae Klement (Klement 1955) associations, although its ecological amplitude is far greater than that described for either of these two communities.
Hansen (2000) describes the lichen vegetation characteristic of areas of late snow-lie in Greenland as 'Cassiope heath rich in Cladonia and Peltigera spp.' and earlier (Hansen 1995) he mentioned such species as Lepraria neglecta, Ochrolechia frigida, Pertusaria oculata and Solorina crocea as typical snow-bed species, with Cladonia bellidiflora, C. sulphurina and C. trassii (as C. stricta) occurring mainly in coastal areas. Of these only C. trassii could be considered a snow-bed species in the British Isles, although it is more regularly associated with Nardus stricta grass heaths. In the British Isles Solorina crocea is a species of damp montane soils with no special affinity for snow-beds and O. frigida occurs in dry montane heaths. Although the other species do occur in areas of late snow-lie in the Eastern Highlands of Scotland, they also occur in more chionophobic situations and are much more widespread in the oceanic Western Highlands. Hansen (1995) also mentions that Cetrariella delisei occurs at the edges of melt-water brooks and in moist depressions in dwarf shrub heaths, the latter habitat being similar to the ecological niche occupied by this species in the British Isles.
Conclusions
Snow-bed vegetation is under threat from a number of anthropogenic sources. Late snow-beds are popular with snow-boarders, that at Ciste Mhearad, in particular, is within easy reach of the Cairngorm Chairlift, and the same wind that accumulates the snow also accumulates litter. As snow concentrates acid pollution, snow-bed vegetation is also threatened by air-borne pollution, particularly in spring when a pulse of acid water accompanies snowmelt. This 'acid-shock' mainly affects plants and communities below the snow bed, and as lichens are not usually a significant component of the vegetation in this area, the effect on the lichen vegetation is not likely to be extensive. However, Gilbert & Fox (1985) recorded Bellemerea alpina for the first and only time in the British Isles from pebbles in a meltwater stream below the Ciste Mhearad snow-bed and despite determined and exhaustive searching by the present author and Dr Gilbert it has not been re-located.
The slightest change in climatic conditions will result in a change in the re-deposition of snow fall and a consequent alteration to the long-term extent or distribution of the associated vegetation. The effects of global warming are likely to be varied (Harrison 1997 ) but will almost certainly affect the distribution of snow-beds and their associated plant communities.
It is probable that the communities described here from areas of late snow-lie have persisted since the period of boreal-arctic conditions that existed in the inter-stadial period between the end of the last extensive glaciation of the Scottish Highlands (c. 13-12 ka BP) and the Loch Lomond re-advance (c. 11-10 ka BP). It is conceivable that they are even older as there is now good geological evidence that many of the peaks of NW Scotland remained above the ice sheet and have been exposed continuously for c. 50 000 years (McCarroll et al. 1995; Ballantyne et al. 1998; Stone et al. 1998) . Conditions under these circumstances would be not dissimilar to those on the tops of large boulders in areas of late snow-lie, which today support the most distinctive and characteristic lichen vegetation of the habitat.
It is a widely held belief among ecologists and conservationists that, in montane areas at least, lichens are important in the 'continental', eastern highlands and bryophytes in the 'oceanic' west. However, Fryday (1997a, b & unpublished) has shown that this is true only so far as these cryptogams are considered as a structural element of the terricolous vegetation. Furthermore, the vegetation of the British mountains is usually considered to be either an outlier of that of the rest of Europe or intermediate between the high-latitude/low-altitude (arctic) and the low-latitude/high-altitude (alpine) types (Ratcliffe & Thompson 1988) . However, this is a view based largely on vascular plant data as a number of bryophytes appear to be endemic to the mountains of the Scottish Highlands (Dahl 1998) . If the lichen communities described here, which are widespread on the oceanic montane heaths of the Western Highlands, are indeed restricted to the Scottish Highlands, then this further emphasizes the importance and uniqueness
